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The adenovirus (AdV) hexon constitutes the major virus capsid protein. The epitopes located on the hexon
protein are targets of neutralizing antibodies in vivo, serve in the recognition by cytotoxic T cells, and provide
the basis for the classification of adenoviruses into the 51 serotypes known to date. We have sequenced the
entire hexon gene from human serotypes with incomplete or no sequence information available (n = 34) and
performed a comparative analysis of all sequences. The overall sequence divergence between the 51 human
serotypes ranged from 0.7 to 25.4% at the protein level. The sequence information has been exploited to assess
the phylogeny of the adenovirus family, and protein distances between the six AdV species (A to F) and among
individual serotypes within each species were calculated. The analysis revealed that the differences among
serotypes within individual species range from 0.3 to 5.4% in the conserved regions (765 amino acids [aa]) and
from 1.5 to 59.6% in the variable regions (154 to 221 aa). Serotypes of different species showed an expectedly
greater divergence both in the conserved (5.9 to 12.3%) and variable (49.0 to 74.7%) regions. Construction of
a phylogenetic tree revealed three major clades comprising the species B+D+E, A+F, and C, respectively. For
serotypes 50 and 51, the original assignment to species B and D, respectively, is not in accordance with the
hexon DNA and protein sequence data, which placed serotype 50 within species D and serotype 51 within
species B. Moreover, the hexon gene of serotype 16, a member of species B, was identified as the product of
recombination between sequences of species B and E. In addition to providing a basis for improved molecular
diagnostics and classification, the elucidation of the complete hexon gene sequence in all AdV serotypes yields
information on putative epitopes for virus recognition, which may have important implications for future

treatment strategies permitting efficient targeting of any AdV serotype.

Human adenoviruses (AdV) represent a large family, cur-
rently comprising 51 different serotypes, which are divided into
six species (designated A to F) based on different oncogenic,
hemagglutinating, morphological, and DNA sequence proper-
ties. The prevalence of AdV infections is high, as revealed by
serological studies (27). The most common sites of infection in
immunocompetent individuals include the gastrointestinal
tract, the upper respiratory tract, and the eyes (1, 9, 22). In the
presence of a functional immune system, AdV infections are
not associated with life-threatening disease, but latent infec-
tions with persistence of the viral genome, involving particu-
larly species C, have been found in about 80% of the individ-
uals investigated (12). Adenoviruses were described to enter
human cells either by the coxsackievirus and adenovirus recep-
tor CAR (3) or by the cell surface protein CD46 (11), which
are present on most human cell types (23). Since adenovirus-
based vectors are not regarded as harmful to healthy individ-
uals, they are intensively studied for possible applications in
gene therapy. For this purpose, AdV serotypes 2 and 5, be-
longing to species C, are predominantly being exploited (32).
Hence, these two serotypes and serotype 12, which belongs to
species A and has been described to have oncogenic properties
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(14), are well characterized on the genomic level. However, for
many other human AdV serotypes only limited or no sequence
information has been available.

Adenoviruses are nonenveloped and display an icosahedral
capsid structure surrounding the viral genome, which consists
of linear double-stranded DNA displaying a length ranging
between 35 to 38 kb. The virus capsid is composed of three
different proteins: 12 fiber attachment proteins associated with
12 penton base proteins, which are involved in the recognition
and the interaction with cellular receptors, and 240 hexon
proteins comprising 919 to 968 amino acids (aa), which form
the main capsid component (27). Electron microscopy and
X-ray crystallography of human AdV serotype 2 revealed that
the hexon protein structure contains two pedestal regions and
four loops. Loop 1 (aa 131 to 331) and loop 2 (aa 423 to 477)
of the hexon protein are projected away from the virus surface
(2, 25) and contain serotype-specific epitopes (33) encoded by
the so-called hypervariable regions (HVRs) of the hexon gene
(5). Owing to its hypervariable regions, the hexon protein is the
most important part of the adenovirus proteome for the clas-
sification and recognition of individual serotypes. The remain-
ing parts of the hexon protein (765 aa) elucidated to date show
relatively little variability among different AdV serotypes (5),
thus indicating that the hexon gene might be the most highly
conserved component of the adenoviral genome. However, the
number of AdV serotypes with complete hexon gene sequence
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information has been very limited. In particular, very little
sequence information has been available on serotypes of spe-
cies D, the largest group among human adenoviruses. The high
variability of certain hexon DNA and protein sequences may
imply distinct properties of different serotypes. Indeed, certain
AdV types are known to cause specific diseases in immuno-
competent individuals, such as the serotypes E04 and B07,
which cause acute respiratory infections (6), or serotype DO0S,
which is known to cause highly contagious keratoconjunctivitis
(1). By contrast, relatively little is known about the relevance of
many other AdV serotypes with regard to their infectious po-
tential and the possible oncogenic properties in humans (15,
17).

Complete sequence information on the hexon gene, partic-
ularly with regard to the HVRs (26), could significantly expand
our understanding of serotype-related characteristics at the
molecular level. Additionally, the comprehensive sequence in-
formation would permit the establishment of highly specific
detection assays covering all of the human adenovirus sero-
types. Such diagnostic tests are of great importance in the
surveillance of infections in immunosuppressed patients,
where adenoviruses play an important role as pathogens, caus-
ing a life-threatening disease (4, 20, 29, 30). Moreover, detailed
characterization of the adenovirus hexon gene might be helpful
in the context of antiviral therapy. Currently available virus-
tatic agents, such as cidofovir or ribavirin, are known to display
limited efficacy in the treatment of invasive infections in im-
munosuppressed patients (17, 18, 21). There is, hence, growing
interest in the implementation of specific cytotoxic T-cells in
anti-adenoviral treatment. A recent study revealed that the
AdV epitopes required for T-cell recognition reside within the
hexon gene (19). Complete sequence information of the hexon
gene in all human AdV serotypes may therefore be of impor-
tance for the prediction of epitopes relevant for efficient inter-
action with cytotoxic T cells and thus for the expected response
to cell therapy.

The task of the current work was the identification of the
complete hexon gene sequences of all human adenoviruses,
including primarily the 34 serotypes with limited or no se-
quence information available. The implications of comparative
analysis of hexon gene sequences across the entire spectrum of
human adenoviruses are discussed with regard to (i) the elu-
cidation of the phylogeny of the adenovirus family, (ii) the
taxonomy of AdV serotypes, and (iii) clinical aspects including
diagnosis and therapy.

MATERIALS AND METHODS

Virus strains and isolation of DNA. Adenovirus reference strains from all 51
serotypes were kindly provided by H. Niesters (Department of Virology, Uni-
versity of Rotterdam, The Netherlands). Additionally, reference strains for the
virus serotypes B16, B50, and D51 were provided by A. Heim (Department of
Virology, Medical University Hannover, Germany). All strains were obtained as
supernatants of culture cells infected and lysed by the respective virus type.
Adenovirus DNA was extracted using the QIAmp DNA Blood Mini kit (QIA-
GEN, Hilden, Germany) according to the manufacturer’s recommendations.

Sequencing strategy and PCR. A number of primers, including degenerate
sequences to account for mismatched nucleotides between individual serotypes,
were designed for each AdV species on the basis of sequence data available from
the National Center for Biotechnology Information (NCBI) database. The
length of the primers targeting selected regions of the hexon gene ranged from
20 to 25 bp. Four fragments of approximately 1 kb in size spanning the entire
hexon gene were amplified. The amplicons contained overlapping regions of
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about 300 bp, and in some instances additional overlapping fragments have been
sequenced to provide reliable sequence data. In total, 45 different primer pairs
were employed to amplify overlapping fragments of the complete hexon genes
for sequence analysis of 34 different serotypes. PCRs were set up in a total
volume of 100 pl, including 2 ul virus DNA solution, 2 U QIAGEN HotStarTaq
DNA Polymerase (QIAGEN, Hilden, Germany), the appropriate buffer (QIA-
GEN, Hilden, Germany), deoxynucleotide triphosphates (Invitrogen GmbH),
and primers at 10 pmol per reaction. The amplification profile included an initial
denaturation step at 96°C for 10 min, followed by 35 cycles with denaturation at
95°C for 30 s, annealing at 45°C for 45 s, and extension at 72°C for 2 min. Direct
sequencing of the purified PCR products was done in a specialized commercial
laboratory (Vienna Bio Center, Vienna, Austria). All fragments were sequenced
in both directions. In total, more than 200 overlapping hexon gene fragments
representing a total of >300,000 nucleotides (nt) were subjected to sequence
analysis to establish a reliable sequence database for the complete hexon gene in
all human AdV serotypes, in which only partial or no sequence information has
been available (n = 34).

Alignments and phylogenetic analysis. A DNA alignment was performed with
newly identified hexon gene sequences from 34 human adenovirus serotypes,
together with the available sequence data from the NCBI nucleotide database
covering the serotypes C01, C02, E04, C05, B03, B07, D09, B11, C12, B16, D17,
B21, B34, B35, F40, F41, and D48 using the BioEdit software package, version
5.0.9 (13). In the variable sections, sequence divergence proved to be too high to
obtain a reasonable alignment. The DNA sequences were therefore translated
into protein sequences, which were used for further phylogenetic analysis. Neigh-
bor-joining (NJ) and maximum parsimony (MP) dendrograms were calculated
using the PAUP software package, version 4.0b10 (29). Bootstrap values were
calculated from 100 replicates. NCBI GenBank accession numbers of previously
analyzed hexon gene sequences of human adenoviruses are AF534906,
AJ293905, X76549, X84646, J01966, AF515814, AJ854486, AF532578,
NC_001460, X74662, BK000406, AY008279, AB052911, AB052912, X51782,
D13781, and U20821. In addition, bovine (Bos taurus; AAF82136) and equine
(Equus caballus; AAB88060) adenovirus protein sequences were used as out-
groups to root the phylogenetic tree. In addition to the hexon, fiber and penton
sequences of all adenovirus serotypes available in public databases were used for
phylogenetic analysis. The sequence data were derived from NCBI GenBank
under the following accession numbers: fiber gene, X73487, X76548, X01998,
AY921622, AB162822, AB065116, AB073632, U06107, AB073168, AY271307,
AF534906, AJ278923, AY224419, AB125751, X74660, X74659, X76706, Y14241,
X94485, Y14242, AF447393, X94484, X76547, X16583, and L19443; penton
gene, X73487, 729487, AD001675, AJ293911, M22141, AJ249343, AJ854480,
AJ296009, AF217410, AJ296010, AJ296012, AY458656, and AF105145.

The DNA and protein alignments of all adenovirus serotypes are displayed on
the CCRI webpage (http://www.ccri.at/frameset4.html).

Nucleotide sequence accession numbers. The sequences determined in the
course of the present study are registered under the following GenBank acces-
sion numbers: DQ149610 to DQ149643.

RESULTS

AdV hexon protein sequence analysis. An alignment of
hexon proteins of the 34 AdV serotypes sequenced in our
laboratory was performed together with the 17 already known
hexon DNA sequences, which had been derived from public
databases and translated into putative protein sequences. Two
nonhuman hexon proteins derived from bovine and equine
adenoviruses were included in the comparative analysis. The
sequence divergence across the complete hexon protein among
all 51 human adenovirus serotypes ranged from 0.7 to 25.4%.
The newly sequenced AdV serotypes confirmed the general
pattern of conserved and highly variable regions in the hexon
protein described previously (5, 21). Based on the sequence
analysis, we divided the protein into four conserved (C1 to C4)
and three variable regions (V1 to V3). The conserved regions
(765 aa) have a constant length, and the protein sequences
differ by less than 15%. Taking the hexon of serotype 2 (C02)
as a positional reference, C1 extends from 1 to 137 aa, C2 from
222 to 248 aa, C3 from 317 to 419 aa, and C4 from 461 to 961
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FIG. 1. Schematic illustration of the hexon protein structure. Vari-
able regions (V1 to V3) are located in the loops designated 1 and 2 and
are therefore outwardly oriented on the surface of the virus particle.
The indicated amino acid positions are based on the reference sero-
type CO2.

aa. The variable regions, which are interspersed between the
constant regions (Fig. 1), vary considerably in length (range,
154 to 203 aa) and sequence, revealing a divergence of up to
59.6% within and up to 74.7% between species. When using
the C02 sequence as a reference, V1 extends from 138 to 221
aa, V2 from 249 to 316 aa, and V3 from 420 to 460 aa. This
classification differs somewhat from earlier descriptions of
variable hexon regions (5, 23) but fits in with the three-dimen-
sional structure of the hexon gene, according to which the
variable regions V1 and V2, as described herein, are located on
loop 1, while the variable region V3 resides on loop 2 of the
hexon protein. Hence, the variable regions V1 to V3 are lo-
cated on outwards-oriented positions of the hexon protein on
the virus surface and represent potential epitopes for recogni-
tion by neutralizing antibodies (31).

Phylogenetic analysis. Based on the protein alignment, dis-
tances between individual sequences were calculated sepa-
rately for the conserved (Table 1) and the variable regions
(Table 2). In the conserved regions C1 to C4, which extend
over 765 aa of the hexon protein, the highest interspecies
similarity observed was between AdV serotypes of the species
B, E, and D (average divergence ranged from 6.8% to 7.3%).
Species A and F also appear to be closely related (divergence,
7.4%), whereas species C is separated from the rest (11.2 to
12.0% divergence). The divergence between species C and all
others is about half of that between human and bovine or
equine adenoviruses, indicating a rather early phylogenetic
differentiation of the human adenovirus species. Not surpris-
ingly, the distances among serotypes within individual species
(Table 3) are rather low in the conserved regions C1 to C4. The
lowest average divergence was observed between serotypes of
species D (range, 0.3 to 2.7%), which is remarkable because
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this species comprises the highest number of serotypes by far.
The greatest divergence was detected between the serotypes of
species B, which ranged from 0.5 to 5.4%. By contrast, the
variable regions V1 to V3 showed a relatively high average
divergence even within individual species. The most pro-
nounced divergence was present between the two serotypes of
species F (52.8%), whereas the smallest divergence was ob-
served within species A (38.1%). The divergence of protein
sequences within the variable regions between AdV serotypes
of different species was in the range of 49.0 to 74.7% (Table 2).
The highest value is close to the divergence between human
and bovine or equine adenoviruses. A significant part of the
divergence is attributable to insertions or deletions, which ac-
count for 14.4% to 42.2% of the total difference.

Based on the protein sequence data, phylogenetic trees were
constructed. Neighbor-joining (NJ) trees were calculated sep-
arately for the conserved regions (length of alignment, 765 aa;
Fig. 2a) and for the variable regions (length of alignment, 229
aa; Fig. 2b). For the tree based on the conserved regions, the
bovine and equine hexon sequences were used as outgroups to
root the tree. For the variable regions, alignment of animal and
human adenovirus sequences was not feasible, and midpoint
rooting was therefore employed.

The NJ tree derived from the conserved regions shows six
well-defined clades, which are supported by high bootstrap
values (99 to 100%) (Fig. 2a). With the exception of serotypes
B50 and D51, which will be addressed separately in the fol-
lowing section, the clades correspond to the six species A to F.
The basal node separates species C from the rest, which is
further divided into the groups A+F and B+E+D. Species E,
which is represented by a single serotype (E04), is closer to
species B than to D. The D clade (which includes B50) forms
a homogeneous cluster of closely related sequences. Due to the
high sequence similarity, the number of phylogenetically infor-
mative positions is limited and the relationships within the
clade are thus not resolved. Therefore, NJ and MP trees of the
D clade were also calculated from the DNA sequences (data
not shown), where the p-distances ranged from 1.0% to 7.1%.
However, since the conserved sections of the hexon protein are
apparently under strong functional constraints, most nucleo-
tide changes are synonymous substitutions and the variable
sites therefore have reached saturation for the deeper splits
already. Although there is no resolution of the basal branching
points within the D clade, some groupings are consistently
found both in NJ and MP analyses. The groups D13+D37
(bootstrap values: NIJ, 99; MP, 99; p-distance, 2.6%),

TABLE 1. Average protein divergence (%) in conserved sections (765 aa) between the five major clades and the two outgroup
sequences (Bos and Equus)

Clade or sequence B¢ E D¢ F A C Bos Equus
B 6.81 7.20 10.40 11.11 11.55 21.18 24.02
E 5.9-7.5 7.30 10.59 11.02 11.57 21.57 23.92
D 6.1-8.6 6.8-8.1 9.10 9.25 11.17 20.89 23.73
F 9.9-11.2 10.2-11.0 8.5-9.7 7.36 11.98 20.39 24.05
A 10.4-11.8 10.7-11.2 8.4-10.2 7.1-7.8 11.64 21.44 23.49
C 11.1-12.2 11.4-11.6 10.6-12.0 11.6-12.3 11.2-12.0 21.31 24.51
Bos 20.7-21.6 20.4-21.2 20.1-20.7 21.3-21.6 21.2-21.6 24.41
Equus 23.5-24.4 23.3-24.2 23.9-24.2 23.1-24.1 24.2-24.7

“ Sequence B50 is included in clade D, and sequence D51 is in clade B.
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TABLE 2. Average protein divergence (%) in variable sections (154 to 221 aa) between the five major clades and the two outgroup
sequences (Bos and Equus)

Clade or sequence B E D F A C Bos Equus
B 55.30 59.07 61.31 65.48 69.33 73.08 63.93
E 49.0-61.0 53.06 60.06 64.02 67.56 72.83 68.39
D 50.2-66.0 49.0-58.5 63.13 63.82 68.56 73.73 68.31
F 54.8-65.7 58.6-61.5 56.5-68.5 56.59 63.37 68.86 71.08
A 59.5-70.5 62.5-65.9 55.8-69.3 53.5-61.0 64.72 64.49 69.73
C 65.2-74.2 66.5-69.3 63.6-74.7 61.1-65.3 60.3-70.6 73.94 73.04
Bos 67.8-71.7 71.1-71.7 67.1-70.7 67.1-67.7 73.1-75.5 68.18
Equus 57.6-68.1 63.3-73.9 69.9-72.3 68.7-70.6 70.5-76.5

“ Sequence B50 is included in clade D, and sequence D51 is in clade B.

D15+D29+D30 (NJ, 92; MP, 90; p-distance, 1.6%), and
D44+D48 (NJ, 86; MP, 96; p-distance, 2.4%) are well sup-
ported, whereas only weak support was obtained for the groups
D9+D10 (NJ, 58; MP, 63; p-distance, 3.4%) and D39+D43
(NJ, <50; MP, 57; p-distance, 3.5%). The branching pattern
within the D clade is characterized by short distances between
nodes compared to the lengths of the terminal branches. This
finding suggests that over a rather short period of time a
radiation burst has occurred within species D giving rise to the
high number of serotypes observed today. In contrast to the D
clade, the B clade is divided into two clearly separated sub-
clades consisting of the serotypes B03+B07+B16 and
B14+B34+B11+B35+B21+B51. According to the sequence
divergence (about 5% difference at the protein level), the split
between these two subclades must be considerably older than
the radiation within the D clade.

Although the alignment was problematic in some sections
and the sequence is rather short, the general structure of the
phylogenetic tree obtained from the variable regions (Fig. 2b)
differs only slightly from that based on the conserved regions.
The clades D, B, and C are well supported. Clade A is only
marginally supported and clade F is disrupted, but the boot-
strap values for this rearrangement are low. The relationships
within clades are not in accordance with those in Fig. 2a.
Nevertheless, within the D clade the groups D13+D37,
D15+D29+ D30, and D44+ D48 can still be recognized, and
within the B clade the separation into two subclades is con-
firmed. The positions of B50 in clade D and D51 in clade B are
consistent with the topology in Fig. 2a. Interestingly, B16 clus-
ters with E04.

Phylogenetic analysis of two other capsid proteins, fiber and
penton. Fiber gene sequences of 25 different serotypes and
penton gene sequences of 13 serotypes derived from public

TABLE 3. Average protein divergence (% diff) and ranges (%)
within clades

Protein (conserved sections) Protein (variable sections)

Clade

% Diff Range % Diff Range
A 292 2.1-35 38.10 19.9-48.4
Bt 3.37 0.5-5.4 39.82 17.3-59.6
C 1.46 0.9-2.0 47.69 41.6-54.5
D“ 1.45 0.3-2.7 40.80 1.5-56.9
F 2.61 52.76

“ Sequence B50 is included in clade D, and sequence D51 is in clade B.
® The recombined sequence B16 has been excluded from these comparisons.

databases were translated into putative protein sequences, and
phylogenetic trees (NJ and MP) were calculated (data not
shown). Both data sets included representatives of all six spe-
cies. Unfortunately, no penton sequences are available for
serotypes B50 and D51, where the hexon data indicate affilia-
tion to a different species. With the penton sequences, a rea-
sonable alignment of the 13 proteins was obtained over the
entire length (588 aa). Sequence divergence varied from 1.7 to
32.8% and thus proved to be somewhat higher than that among
the hexon proteins. Nevertheless, the results confirmed the
classification into the three major clades A+F, C, and
B+D+E and the assignment of the serotypes to their respec-
tive species. In contrast to the penton proteins, the 25 fiber
proteins differed considerably in length (319 aa for B3, 582 aa
for C2) as well as in sequence. Reasonable alignments were
only achieved when the groups A+F+C and B+D+E were
treated separately. Even then, only partial sequences could be
used for the calculation of phylogenetic trees. The results cor-
roborate the species assignment of the various serotypes. The
fiber protein of serotype B16 (partial sequence of 111 aa avail-
able only), which was not unequivocally assigned in the hexon
trees (see also the discussion below), clearly belongs to species
B. The results also show that the hexon protein is more ap-
propriate for phylogenetic analyses. Among the three AdV
protein sequences compared, conserved sections of the hexon
protein permitting unequivocal alignment extend over 765 aa.
This sequence is considerably longer than that in the penton or
fiber protein and therefore provides a much higher number of
phylogenetically informative sites. Moreover, sequence simi-
larity within the hexon is higher than in the other two proteins,
where the deeper nodes in the trees are more affected by
saturation of amino acid replacements. Finally, because of the
pronounced length variation among AdV species with avail-
able sequence information, the fiber proteins cannot be em-
ployed for phylogenetic analyses.

Reclassification of the serotypes B50 and D51 on the basis of
the hexon protein sequence. The phylogenetic analysis pre-
sented has confirmed earlier classifications of most adenovirus
serotypes. Two AdV serotypes, B5S0 and D51, however, clus-
tered with serotypes of species different from the original as-
signment: serotype 50, previously described to belong to spe-
cies B (8), clustered with serotypes of species D, and serotype
51, described earlier as a representative of species D (8), clus-
tered together with serotypes of species B. These results are
indicated in Fig. 2a and b, demonstrating that these two sero-
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FIG. 2. Phylogenetic analysis of AdV hexon. (a) NJ tree based on the conserved regions (765 aa) of hexon protein sequences from all 51 human
serotypes as well as bovine and equine adenoviruses. Bootstrap values are given for the basal nodes of each species (A to F). (b) NJ tree based
on the variable regions (length of the alignment, 229 aa) from all 51 human serotypes. The positions of the framed serotypes (D51 and B50 in both
trees and B16 in tree b) are not in accordance with their previous species assignments.

types have greater similarity to species other than those orig-
inally described within both conserved and variable regions of
the hexon protein. Table 4 gives an overview of the closest
relatives to the B50 and D51 protein sequences based on con-
served and variable regions, respectively. To exclude the pos-
sibility of erroneous numbering of the two serotypes, either in
the laboratory of origin or in our center, we have obtained the
AdV serotypes B50 and D51 from two independent sources
and sequenced the variable regions for close comparison. The
appropriate DNA alignments revealed that no inadvertent ex-

change of serotype numbers had occurred. Careful comparison
of the DNA sequences showed, however, that the reference
strains obtained from a center in The Netherlands and the
second set provided to us by a center in Germany (see Mate-
rials and Methods) differed by a small number of mutations
(data not shown). These observations indicate that the sets of
reference strains of the two serotypes represent different sub-
strains of the respective viruses and suggest that our assign-
ment of the serotypes 50 and 51 to other AdV species was not
attributable to an error in numbering.

TABLE 4. Assignment of the sequences B50, D51, and B16 according to similarities at the protein level

Conserved sections

Variable sections

Sequence . . - .
Closest relative % Diff” Original assignment Mean % diff® Closest relative % Dift Original assignment Mean % diff
(reference) (reference)
B50 D15 0.78 B clade (8) 7.01 D15, D29, D30 30.48 B clade (8) 56.69
D51 B21 0.52 D clade (32) 6.65 B21 36.56 D clade (32) 54.46
B16 B07, B11 3.53 B clade (8) 3.77 E04 10.29 B clade (8) 53.90

¢ Difference from the most similar sequence.

? Mean difference from the clade to which the respective sequence has been previously assigned.
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TABLE 5. Shared sequence positions of B16¢
Nucleotide or ar[r)lino acid DNA* Protein®
Hexon region position

nt aa Species E Species B Species E Species B
C1 (5’ end) 1-300 1-100 0 14 0 2
C1 301-411 101-137 14 0 2 0
V1 412-615 138-205 55 1 24 1
C2 616-696 206-232 1 1 4 0
V2 697-891 233-297 34 1 19 0
C3 892-1200 298-400 11 0 0 0
V3 1201-1326 401-442 20 3 7 2
C4 1327-1365 443-455 2 0 0 0
Recombinant region 301-1365 101-455 137 6 56 3
C4 (3'-end) 1366-2820 456-940 3 156 1 27

“ Based on an alignment of hexon sequence E04 and sequences of the serotypes of species B (including D51).

b Positions relate to the DNA and protein sequences of B16.

¢ Numbers indicate how many nucleotide or amino acid positions in B16 were identical to either E or B serotypes.

Adenovirus B16: a recombinant serotype? The complete
hexon gene sequence information and the phylogenetic trees
revealed that, when the conserved regions were analyzed, AdV
serotype 16, a representative of species B (24), clustered to-
gether with other B serotypes (Fig. 2a). On the basis of the
variable regions, however, it was found to cluster with serotype
E04, the only representative of species E (Fig. 2b). A high
similarity between the serotypes B16 and E04 within loops 1
and 2 has been described previously (24). Table 4 gives details
on the composite character of the B16 protein sequence. A
protein alignment of hexon sequences derived from all B se-
rotypes (including serotype 51 and excluding serotype 50) to-
gether with the E serotype E04 shows high similarity between
B16 and the other B serotypes inside the C1 region. At the
C-terminal end of Cl1, exactly at amino acid position 133 dis-
playing a cysteine residue, there is a shift in homology. The
adjacent regions V1, C2, V2, and C3 display higher similarity
of B16 to the serotype E04. At the N-terminal end of C4, at
position 489 displaying a serine residue, the similarity to sero-
type E04 is over and the downstream sequences again display
high similarity to other serotypes of species B. This observation
suggests that serotype B16 could be a recombinant adenovirus,
composed of sequences derived from species B and E, with
breakpoints located close to positions 132 and 488. Based on
the DNA alignment of this set of serotypes (data not shown),
we were able to determine the breakpoint locations more pre-
cisely: nucleotide positions 300 to 308 within C1 and 25 to 41
in C4 (Table 5).

To verify this notion and to investigate whether this recom-
bination is found in other representatives of serotype B16, we

sequenced the regions adjacent to the putative breakpoints in
a reference strain of serotype B16 obtained from a second
independent source (see Materials and Methods). Sequence
analysis revealed the same positions of the putative break-
points encompassing a fragment with characteristics of variable
regions of species E, confined by the constant regions C1 and
C4, displaying high homology to other serotypes of species B
(data not shown). Nevertheless, a few point mutations (includ-
ing two missense mutations and one silent mutation) were
observed in the C4 region, indicating that a reference substrain
of serotype B16 different from the one described earlier has
been investigated. The presence of the putative breakpoints at
identical positions within the hexon sequence confirmed, how-
ever, that AdV serotype B16 may represent a recombinant
virus between serotypes of species B and E.

Presence of species-specific domains in the variable regions.
The variable domains representing approximately one-fifth of
the hexon protein length show very limited similarity among
AdV serotypes belonging to the same or to different species.
Despite this fact, the phylogenetic trees (Fig. 2a and b) re-
vealed a nearly identical cluster distribution, regardless of
whether the calculations were based on the conserved (C1 to
C4) or the variable (V1 to V3) regions, serotype 16 being the
only exception. This implies the existence of species-specific
domains within the variable regions. A good candidate for such
a domain is a short stretch of 5 to 9 amino acids in region V1
(positions 173 to 194 in the reference sequence AdV CO02).
Flanked by the two motifs THTFG and GLQIG, which are
common among all serotypes, this putative species-specific do-
main seems to be well conserved within species or serotype

TABLE 6. Putative species-specific sequence motifs in the variable region V1

3’ Flanking sequence?
(aa 183-194)

Species specific
(aa 178-182)

Serotype(s) 5’ Flanking sequence
(aa positions in AdVC02) (aa 173-177)
D THTFG
E04 plus B16 MHTFG
B (03, 07) TNTFG
B (11, 14, 21, 34, 51) TYTFG
A plus F T+TFA
C THVYA

VAAMG GENIT++ GLQIG
VAAMPGVT GKKIEAD GLPIG
TIASMK G+NITKE GL+IG
NAPVKAEAE ITK+ GLPIG
QAPYT G++ITKD GIQVG
QAPLS G++ITKE GLQIG

“ +, No prevalent amino acid within the respective serotype groups at that position.
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groups but differs considerably between species (Table 6). In
addition, several motifs can be identified which are located in
the variable regions of only one species. The most prominent
feature of serotypes from species C is the greater length of the
hexon protein sequence by 13 or more amino acid residues
compared to all other AdV species. This difference is mainly
due to a variable stretch of up to 16 acidic glutamate and
aspartate residues at the beginning of the V1 region. Serotypes
of species D contain the conserved motif QNQICK at the
C-terminal end of V3 and the motif DID, which is shared with
species B, in the V2 region. Another motif (NEIGV) that is
characteristic for species C but absent in the other serotypes is
found at the C-terminal end of the V3 region.

DISCUSSION

The comparative sequence analysis performed in this study
provides information on the complete hexon protein in the
entire spectrum of human adenoviruses. To date, complete
hexon gene coding sequences have been available only for a
small number of AdV serotypes (5, 7, 16). Partial hexon gene
sequences of the conserved region of some AdV serotypes
were published recently (28). Previous studies on the hexon
gene, based on the limited sequence information available,
divided the hexon protein into eight conserved domains and
seven hypervariable regions (HVRs) (5, 23). Based on our
hexon gene sequence analysis and the alignment of all 51
human serotypes, we propose a different designation of vari-
able and conserved regions for practical reasons. The con-
served regions (C1 to C4) appear to be appropriate for the
calculation of phylogenetic relationships among all AdV sero-
types and to differentiate between the species A to F. The
variable regions (V1 to V3), on the other hand, are useful for
the characterization of the serotypes within particular species.
As these regions correspond quite well to the hexon loops
protruding from the capsid surface, they may also contain the
specific epitopes that trigger the immune response.

The complete hexon gene sequence data and the results of
the comparative analysis have facilitated the development of a
highly specific and economic pan-adenovirus molecular detec-
tion method (10) (patent pending). More accurate character-
ization of individual adenovirus types has permitted the reclas-
sification of the serotypes 50 and 51, which had originally been
assigned to other species, based on their hemagglutination
capacity of rat and monkey erythrocytes and the pattern pro-
duced after restriction digestion (8). Sequence analysis of the
entire hexon gene revealed that the serotypes 50 and 51 can be
assigned to species D and B, respectively, on the basis of our
molecular data. Additionally, serotype B16 has been identified
as a recombinant virus containing sequences from two different
AdV species, B and E, as revealed by comparative sequence
analysis of the hexon gene. In addition to the new insights into
adenovirus taxonomy, the elucidation of the complete hexon
sequence in all human adenoviruses may have an impact on the
establishment of specific approaches to adenovirus treatment.
In a recently published study, a number of predicted AdV
recognition epitopes for cytotoxic T cells have been identified
(19). The study revealed the limitations in predicting the rec-
ognition of a broad range of adenoviruses by specific lympho-
cyte subsets generated in vitro if the protein sequence of pu-
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tative AdV surface epitopes is not known in sufficient detail. In
view of the growing importance of cytotoxic T-cell treatment in
immunocompromised patients suffering from life-threatening
adenovirus infection, improved possibilities of surface epitope
prediction could have an important impact on the develop-
ment of efficient immune therapy approaches. Taken together,
the availability of the complete hexon sequences in all human
adenoviruses offers new possibilities in adenovirus classifica-
tion, diagnosis, and characterization of surface epitopes, which
may contribute to more successful anti-adenoviral therapy.
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